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P

lus-stranded RNA [(⫹)RNA] viruses, which are widespread
pathogens of plants and animals, replicate in the cytosol of
infected cells. These viruses assemble membrane-bound viral replicase complexes (VRCs), which consist of the viral RNA and viral
proteins as well as coopted host proteins (1–3). After translation of
the incoming viral (⫹)RNA in the cytosol, the VRC assembly
takes place, followed by robust RNA synthesis driven by the viral
RNA-dependent RNA polymerase (RdRp) located in the VRCs.
After multiple cycles of translation/replication of the newly made
(⫹)RNAs, the viral (⫹)RNA progeny become encapsidated and a
few (⫹)RNAs move to neighboring cells to initiate new infections.
The replication process is “expensive” for the cell because the virus
steals away numerous proviral host proteins, subverts lipids and
subcellular membranes, and uses up large amounts of amino acids, ATP, and other ribonucleotides for VRC assembly and RNA
synthesis. The hijacked host proteins include translation factors,
protein chaperones, RNA-modifying enzymes, ESCRT (endosomal sorting complexes required for transport) proteins, and cellular proteins involved in lipid biosynthesis (4, 5). The emerging
picture is that VRC assembly is driven by many factors; thus, the
assembly process is likely regulated by viral and host factors for
optimal replication in infected cells.
The viral replication process could be so robust and rapid that
in the case of several plant RNA viruses, the progeny viral RNAs
could reach over a million copies in a single cell in ⬃24 h. How
does the virus “know” when to stop the assembly of new VRCs
because the cell runs out of proviral factors and resources? Incomplete VRC assembly due to a shortage in one or several host factors
during exponential replication (16 to 48 h) could have disastrous
consequences, leading to lots of unfinished or truncated RNA
products, high mutation and recombination rates, or high exposure of the viral double-stranded RNA (dsRNA) replication intermediate to the cellular RNA sensors that activate innate defense
responses. To avoid this doom scenario, viruses might apply molecular sensors to monitor the status of the cell or the availability
and abundance of proviral host factors to keep the replication
process under control. This model will be discussed below based
on new results from tomato bushy stunt virus (TBSV).
TBSV is among the best-characterized RNA viruses due to the
use of a yeast (Saccharomyces cerevisiae) model (2). A dozen systematic genome-wide screens and global proteomics approaches
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in yeast or in vitro have led to the identification of ⬃500 host
proteins/genes involved in TBSV replication (4). TBSV codes for
two replication proteins, the auxiliary p33 and the p92pol. p33 is an
RNA chaperone and recruits the TBSV (⫹)RNA to the site of
replication, which takes place at the cytosolic surface of peroxisomal membranes.
TBSV has been shown to coopt several host factors involved in
the assembly of the membrane-bound VRCs, such as the heat
shock protein 70 (Hsp70), the eukaryotic elongation factor 1A
(eEF1A), Vps23p ESCRT (endosomal sorting complexes required
for transport) protein, Bro1p ESCRT-associated protein, Vps4p
AAA⫹ ATPase, and Cdc34p E2 ubiquitin-conjugating enzyme (4,
6–9). In addition, TBSV channels sterols and phospholipids
(phosphatidylethanolamine [PE]) to enrich these lipids at the sites
of replication, possibly via the use of cellular VAMP/synaptobrevin-associated protein, called VAP (Scs2p in yeast), and oxysterol-binding proteins (ORPs; Osh6 and Osh7 in yeast) and membrane contact sites between the endoplasmic reticulum (ER) and
peroxisomes (Fig. 1) (10).
Another group of subverted cellular proteins is involved in
viral RNA synthesis within the VRCs. The list includes eEF1A; the
eukaryotic elongation factor 1B␥ (eEF1B␥); Hsp70; DDX3-,
DDX5-, and eIF4AIII-like DEAD box helicases; and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which facilitate either minus-strand or plus-strand synthesis during RNA replication (Fig. 1) (2, 11–13). Subversion of so many host factors for
TBSV replication highlights the need for regulation of new rounds
of VRC assembly or RdRp activity when cellular resources become
limited or exhausted, which could be envisioned to occur at the
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Replication of plus-stranded RNA [(ⴙ)RNA] viruses depends on the availability of coopted host proteins and lipids. But, how
could viruses sense the accessibility of cellular resources? An emerging concept based on tombusviruses, small plant viruses, is
that viruses might regulate viral replication at several steps depending on what cellular factors are available at a given time point.
I discuss the role of phospholipids, sterols, and cellular WW domain proteins and eukaryotic elongation factor 1A (eEF1A) in
control of activation of the viral RNA-dependent RNA polymerase (RdRp) and regulation of the assembly of viral replicase complexes (VRCs). These regulatory mechanisms might explain how tombusviruses could adjust the efficiency of RNA replication
and new VRC assembly to the limiting resources of the host cells during infections.

Gem

late stage of replication due to their depletion in the previous
rounds of VRC assembly.
Incorrect VRC assembly in the absence of selected host factors. Observations are indeed accumulating that incorrect VRC
assembly could occur with severe negative effects on TBSV replication. Multiple genome-wide screens with TBSV in yeast indicated that depletion of a proviral host factor does not necessarily
prevent the assembly of the VRCs (4) but frequently leads to incorrect VRC assembly that changes some of the activities of the
viral replicase. For example, depletion of multifunctional proteasomal Rpn11p metalloprotease in yeast results in inefficient recruitment of Ded1p DEAD box helicase into the tombusvirus
VRCs (14). The low level of Ded1p leads to reduced replication
and the production of high levels of truncated viral RNAs and
recombinant viral RNAs (14). Also, depletion of ESCRT proteins
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(Vps24 or Vps4p) results in incorrect assembly of tombusvirus
VRCs in yeast, which gives rise to spherules with wide openings,
instead of the narrow “neck-like” opening in wild-type (wt) yeast
(8). These open VRC structures are likely less protective of the
viral dsRNA intermediates against the host antiviral machinery.
Altogether, these observations suggest that it is unlikely that TBSV
replication just stops when the cell runs out of host factors and
other cellular resources, because that would lead to the production of lots of “junk” replication products. Accordingly, the latestage replication products look similar to early-stage products of
virus replication, suggesting that a regulation process exists that
somehow prevents the formation of incomplete VRCs at the late
stage in wild-type cells. Regulation of new rounds of VRC assembly could also facilitate the switch of the viral (⫹)RNA from replication to other viral steps, such as virion assembly.
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FIG 1 Coopted host factors and regulation of tombusvirus replication. At the early stage of replication, the tombusvirus p33 and p92 replication proteins bind
primarily to the abundant cellular susceptibility factors (proviral host factors, in blue), to other viral replication proteins, and the viral (⫹)RNA to recruit the viral
(⫹)RNA to PE- and sterol-rich cellular membranes (located at or near membrane contact sites) to assemble functional VRCs. At the late stage of replication, the
host factors have been depleted due to sequestration into previously assembled VRCs, and the new viral replication proteins bind to WW domain proteins,
blocking new VRC assembly (regulation 1). A shortage in Efm4-methylated eEF1A leads to degradation of p33 and p92 RdRp (regulation 2). Alternatively,
limitation in PE-rich (regulation 3) and sterol-rich (regulation 4) membranes or p92 RdRp binding to PG leads to inactive RdRp, inhibiting new viral RNA
synthesis at the late stage of replication. PC, phosphatidylcholine.
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Regulatory roles of phospholipids and sterols in TBSV replication. One of the major regulatory steps during TBSV replication
is the activation of p92pol, which is initially inactive in the cytosol
after translation (7). The RdRp activation takes place inside the
assembled VRCs and requires a cis-acting element in the viral
(⫹)RNA, the cellular Hsp70 chaperone, and neutral phospholipids (J. Pogany and P. D. Nagy, unpublished data). It is currently
not known if Hsp70 could become limited during TBSV replication.
Interestingly, the negatively charged phosphatidylglycerol
(PG) greatly inhibits the RNA binding capacity of p92pol and prevents its activation in vitro, while the neutral PE enhances RNA
binding and activation of p92pol (Pogany and Nagy, unpublished).
Therefore, the ratio of proviral PE to inhibitory PG at the site of
replication likely serves as a signal for TBSV to activate p92pol
(when PE is abundant) or inactivate it, when PE is less abundant
and PG binds to p92pol. Overall, the TBSV-induced enrichment of
PE at the sites of replication could become limiting at the late stage
of replication, allowing PG to block the activation of the newly
made p92pol. Thus, TBSV might utilize the cellular PE and PG
levels to continue building active VRCs in a PE-rich microenvironment or stop the new VRC assembly or block RdRp activity in
PG-rich sites, allowing (⫹)RNAs to perform nonreplicative functions (Fig. 1, regulation 3).
Another level of regulation of new VRC assembly could be the
ability of TBSV to sense the capacity of the cell to synthesize phospholipids de novo that is required for membrane proliferation. For
example, depletion of total phospholipids via overexpression of
Opi1p transcription repressor of phospholipid synthesis genes led
to reduced VRC assembly and instability of the viral replication
proteins (19). In contrast, robust membrane proliferation in
pah1⌬ yeast (a lipin orthologue, whose deletion causes mainly
proliferation of the ER membrane) or enhanced phospholipid
synthesis in opi1⌬ yeast resulted in efficient tombusvirus VRC
assembly and a high level of TBSV replication (19, 20). Thus,
TBSV might be able to sense the phospholipid status/synthesis of
the host cell whether the microenvironment is suitable for building more new VRCs or not.
TBSV might also sense sterol levels in peroxisomal membranes, because deletion of oxysterol-binding ORPs (Osh3, -5, -6,
and -7) or Scs2 VAP protein reduced the accumulation of both
TBSV RNA and replication proteins in yeast (Fig. 1, regulation 4)
(10). The ORPs and VAP proteins are needed for the formation of
membrane contact sites between the ER and the peroxisomes to
channel sterols to the sites of TBSV replication (10). In addition,
pharmacological inhibition of sterol synthesis or depletion of sterol levels due to downregulation of ergosterol synthesis genes
(ERG25 and ERG4) reduced the stability of the p92pol replication
protein and inhibited the activity of the viral replicase obtained
from yeast (21). Overall, “sensing” the redistributed sterol level in
the peroxisomal membranes by p92pol might be another regulatory step during VRC assembly.
In addition to the above strategies, tombusviruses might also
utilize replication protein ubiquitination or phosphorylation to
sense intracellular processes. The detailed mechanisms on how
these posttranslational modifications might regulate new TBSV
VRC formation, however, have not yet been unraveled.
Model. I propose that tombusviruses can sense the status of the
host cells that control RdRp activation and assembly of new VRCs
(Fig. 1). At the early stage, the tombusvirus replication proteins
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Regulatory roles of host factors in TBSV replication. How
then does TBSV regulate new rounds of VRC assembly and RdRp
activity at the latter stage of infection? The first indication that a
regulation process exists in the case of TBSV has come from studies with the WW-domain-containing cellular proteins (15). The
WW domain is a simple and highly conserved protein domain
involved in protein-protein interactions and binds to ligands usually carrying proline-rich sequences.
The yeast Nedd4-type Rsp5p E3 ubiquitin ligase carrying the
WW domain and several cellular WW domain proteins, including
yeast Wwm1p and Prp40p and plant AtDrh1, AtFCA, and
AtPrp40c, were shown elsewhere to bind to the tombusvirus replication proteins and inhibit their functions (15, 16). However, the
cellular WW domain proteins bind to the replication proteins
with lower affinity than the proviral host factors (17), making
them poor competitors with coopted proviral host factors when
these subverted cellular proteins are abundant. It was proposed
that the WW domain proteins bind to newly translated viral replication proteins, blocking their functions, when the proviral factors have been exhausted (Fig. 1, regulation 1). Increasing WW
domain protein amount by overexpression interfered with complex formation between p33 replication protein and several cellular host factors, such as eEF1A, Bro1p, Vps4p, and Cdc34p, involved in VRC assembly (17). Moreover, the WW domain
inhibited the binding of p33 to the viral RNA and the oligomerization of p33, thus blocking tombusvirus replication. Another
feature of the WW domain proteins is that they facilitate the degradation of excess amounts of viral replication proteins. The reduction of the p92pol level could prevent the functional interference of the replication protein with other, nonreplicative
functions of the viral RNA (16).
Depletion of multiple WW domain proteins in yeast resulted
in especially error-prone replicase at the late stage of replication
(17). This is likely due to incorrect VRC assembly, possibly caused
by (i) prior depletion of one or more proviral factors at the earlier
rounds of VRC assembly and (ii) the fact that the depleted WW
domain proteins could not block new VRC assembly. In summary, TBSV might be able to sense the availability of proviral host
factors versus WW domain proteins to control if new rounds of
VRC assembly could be continued or halted depending on replication protein-host protein interactions.
Additional RNA viruses might also take advantage of WW domain proteins for sensing the cellular environment, since the unrelated nodaviruses (insect RNA viruses) could also be inhibited
by overexpression of yeast Rsp5p and Wwm1p WW domain proteins (16).
Another intriguing case for a putative cellular sensory function
is based on the key role of the methylation status of eEF1A for
TBSV replication (Fig. 1, regulation 2). When methylation-negative mutants of eEF1A were expressed in yeast, then the tombusvirus replication protein was degraded (18). Similarly, deletion of
the METTL10-like Emf4 (See1) methyltransferase, required for
methylation of eEF1A, reduced the stability of p33 replication
protein (18). Based on these findings, I suggest that TBSV could
measure the availability of methylated eEF1A in cells and would
stop assembling new VRCs and promote the degradation of p33
replication proteins when free methylated eEF1A has been depleted. This might prevent the assembly of new VRCs missing the
critical eEF1A required for proper VRC assembly and minusstrand RNA synthesis (6).
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interact with the host susceptibility factors, which are abundant
and accessible, to build active VRCs. As viral replication proceeds
with multiple cycles of translation and new rounds of replication,
the cell likely runs out of one or more susceptibility factors at the
late stage of replication. Depletion of the susceptibility factors facilitates the interaction of the cellular WW domain proteins with
the viral replication proteins, which then blocks the assembly of
new VRCs and the formation of new p33-viral RNA complexes
and leads to the degradation of p92pol RdRp. Degradation of RdRp
is also promoted by the shortage of coopted methylated eEF1A.
Lipid synthesis, membrane proliferation, and PE-versus-PG content at the site of replication also control RdRp activation and
VRC assembly. Stopping the formation of new VRCs at the late
stage of replication facilitates the switching of newly made viral
(⫹)RNAs from the translation/replication cycle to encapsidation.
Summary. Altogether, the ability of tombusviruses to sense the
status of the infected cells determines if new rounds of VRCs are
assembled or if the VRC assembly process is halted. This strategy
could minimize the massive production of viral “junk” RNAs
when host factors and resources have been exhausted.

